Introduction
Heart performance and kidney function are closely interconnected and a synergistic relationship exists between these organs. Dysfunction of one organ often leads to a deterioration of function of the other one [1] . This clinical entity has been defined as cardiorenal syndrome (CRS). Recently, a new definition of CRS has been accepted and it includes a classification of the syndrome into 5 separate subtypes [1] .
CRS type 1 or acute CRS is characterized by a rapid worsening of cardiac function leading to acute kidney injury (AKI). In the United States, more than 1 million patients present to hospitals with acute decompensated heart failure (ADHF) every year [2] . Approximately one-third of the ADHF patients develop AKI as defined by an increase in serum creatinine of 6 0.3 mg/dl [3] . In patients with cardiogenic shock, the incidence of AKI can exceed 70% [4] . Furthermore, patients who develop AKI after an acute cardiac event have a significantly high mortality risk [5] . Baseline chronic kidney disease (CKD), diabetes, prior heart failure, and initial presentation with hypertension are established risk predictors for CRS type 1 [3] .
The pathophysiology of CRS type 1 is complex and poorly understood as it involves several factors which are interrelated [6] . Possible mechanisms of this spiraling dysfunction include an altered balance between nitric oxide and reactive oxygen species, systemic inflammation and apoptosis, activation of both the sympathetic nervous system and the renin-angiotensin-aldosterone system, and the paracrine and systemic actions of various substances such as endothelin, prostaglandins, vasopressin and natriuretic peptides [7, 8] .
In addition, immune-mediated damage has been postulated as a potential mechanism involved in the pathogenesis of CRS [1] , but it has not been demonstrated ( fig. 1 ). Alterations in the immune response might include cytokine release and changes in immune cell functions including apoptosis [9] . Apoptosis is a normal physiological process of cell death, by which unwanted cells are eliminated from living organism during embryonic and adult development [10] , and it plays a very important role especially in the immune system [11] . It is associated with the regulation of cellular homeostasis in organs and the elimination of damaged cells or of cells with deleterious activity from the host.
There are multiple inducers and inhibitors of apoptosis which interact with specific receptors and transduce the signal by second messengers to program cell death. The apoptotic process can be initiated by 2 different mechanisms: the intrinsic and the extrinsic pathway. The intrinsic apoptotic pathway is triggered by toxic alterations inside the cell which modify the mitochondrial transmembrane potential and cause the release of cytochrome c into the cytoplasm [12] . The extrinsic pathway occurs if a member of the tumor necrosis factor superfamily death ligands, such as TNF-␣ or Fas-L, binds receptors to its cell surface, activating caspase-8 and consequently the caspase cascade [13] .
Apoptosis is characterized by a variety of cellular changes including loss of membrane phospholipid asymmetry, chromatin condensation, mitochondrial swelling and DNA cleavage. The final result is a form of cell death that avoids the normal inflammatory response associated with necrosis. However, an alteration in the regulation of cell death by apoptosis may negatively affect the mechanism of host defense; in fact, this mechanism requires a fine balance between recruitment and death of immunocompetent cells, involving lymphocytes and monocytes [11] . Apoptosis is clearly necessary to maintain the health of the organism; dysregulation of cell death by excessive or defective apoptosis has been implicated in a variety of disease states.
In particular, a loss of immune cells by apoptosis is associated with physiologic changes that occur in several diseases. There are several links of evidence suggesting that apoptosis may play a role in the pathophysiology of immune dysfunction in uremia. In fact, a high degree of peripheral blood mononuclear cell (PBMC) apoptosis was observed in uremic pa-tients and this is related to the severity of uremia [14] . Two different groups showed that accelerated PBMC apoptosis and high levels of proinflammatory cytokines are associated with sustained cell activation and chronic inflammation [15, 16] . The impaired cellular host defense is associated with an elevated degree of monocyte apoptosis in end-stage renal disease patients on long-term hemodialysis, CAPD, as well as those in predialytic uremia [17] . We have previously shown that uremic plasma could increase in vitro apoptosis rates in U937, a human monocytic cell line [18, 19] . Recent studies have investigated the immune-modulation in the failing human heart and have shown activation of inflammatory cytokines in the myocardium and peripheral monocytes leading to monocyte phenotype transition, myocyte apoptosis, and activation of matrix metalloproteinase [20, 21] . In addition, heart failure can also be considered an inflammatory state that may contribute to gradual toxic injury to renal cells, first sublethal but later lethal (apoptosis), culminating in permanent chronic kidney damage and functional loss [22, 23] .
Moreover, experimental studies indicated that proinflammatory cytokines (TNF-␣ and IL-6) were associated with some molecular, clinical and physiology aspects of heart failure [24] ; in addition, cytokines were released by leukocytes and renal tubular cells in the injured kidney, were important components of both the initiation and extension of inflammation and contributed to the pathogenesis, clinical manifestation and complications of AKI [25] . In this study, we conducted a pilot study to examine the possible role of the immune-mediated mech- anisms in the pathogenesis of CRS type 1. The main objective was to analyze in vitro that plasma from CRS type 1 patients was able to trigger a response in human monocyte cells, resulting in apoptosis. The secondary aim of the study was evaluated the presence of cytokines in plasma of CRS type 1 patients to better understand the mechanisms of this syndrome.
Subjects and Methods

Subjects
We enrolled 15 patients (mean age 72.7 8 16.6 years; 11 males, 4 females) who were admitted for acute heart failure (AHF), referred for nephrology consultation and diagnosed with CRS type 1 according to the definition ( table 1 ). All patients were known to have CKD prior to the current admission; 4 of them were in CKD stage V, but not yet on renal replacement therapy (RRT). CRS type 1 was defined according to the current classification system [1] . Patients who had AHF of any cause and subsequently developed AKI were included. Patients who had AKI prior to the episode of AHF, or had any other potential causes of AKI, were excluded from the study. Causes of admission for AHF included non-ST segment elevation myocardial infarction (n = 2), excessive salt and fluid intake (n = 2), and hypertensive crisis (n = 1). The other 10 patients did not have a recognizable cause of AHF.
AKI was defined by Acute Kidney Injury Network (AKIN) criteria [26] . The cause of AKI was presumed to be related to the AHF after exclusion of other plausible causes based on a review of the clinical course. None of the patients had exposure to contrast media in the 72 h preceding AKI. The median baseline creatinine was 2.3 mg/dl [interquartile range (IQR) 1.6-4.0] with a median estimated glomerular filtration rate (eGFR) of 23.4 ml/min/1.73 m 2 (IQR 14.9-38.2). The eGFR was calculated with the 4-variable standardized MDRD formula [27] . Median serum creatinine on admission was 6.5 mg/dl (IQR 3.0-7.3) and 9 patients required RRT. Based on the AKIN classification, 9 patients had AKI stage 3 although not all of them underwent RRT. The other 6 patients were classified as AKI stage 1. None of the patients had hypotension that required inotropic support prior to the diagnosis of AKI. a At enrollment. AF = Acute failure; DCM = dilated cardiomyopathy; DM = diabetes mellitus; HTN = hypertension; HTN HD = hypertensive heart disease; ICM = ischemic cardiomyopathy.
Twenty healthy volunteers (mean age 52.0 8 7.7 years; 15 males, 5 females) without AHF or AKI were recruited as control group for this study.
Sample Collection
All patients were informed about the experimental protocol and the objectives of the study before providing informed consent and blood sample. Whole blood samples were collected from the recruited patients on admission into the nephrology ward. The blood sample was collected in a heparinized tube and subsequently centrifuged. Plasma was immediately separated from the blood cells and stored at -80 ° C until use. Control samples from healthy volunteers were processed in the same manners.
U937 Cell Culture
The human monocytic cell line U937 is a monocytic precursor cell line derived from a histiocytic lymphoma [28] . The U937 cells were grown in complete liquid phase medium (RPMI 1640; International PBI) supplemented with 10% heat-inactivated (30 min at 56 ° C) fetal calf serum, 2 m M L -glutamine, 100 IU/ml penicillin and 100 g/ml streptomycin (Sigma Chemical Co.). The U937 cells were maintained in a controlled atmosphere (5% CO 2 ) incubator at 37 ° C and passaged every second or third day. Cell viability was 99%, as assessed by trypan blue exclusion.
Induction of Apoptosis
The U937 cells were plated at 1 ! 10 5 cells per well in 96-well plates, and incubated with 50% RPMI 1640 medium (with 2 m M L -glutamine, 100 IU/ml penicillin and 100 mg/ml streptomycin) and 50% heparinized plasma from CRS type 1 patients and healthy controls in standard condition (at 37 ° C in 5% CO 2 for up to 24, 72, or 96 h). Before use in experiments, the U937 cells were washed twice in Dulbecco's PBS (without calcium and magnesium), pH 7.4.
Evaluation of Apoptosis
Analysis of DNA Morphological Changes Apoptosis is characterized by DNA fragmentation, showing a ladder-like pattern, and nuclear fragmentation into several smaller fragments ranging in number from 2 to more than 20 per cell. Apoptotic cells showed cellular contraction, nuclear condensation and pyknosis. At the end of incubation, the cells were stained with 10 M /ml Hoechst 33342 (Sigma Chemical Co.) for 15 min at 37 ° C according to published procedures.
The quantitative analysis of apoptosis was performed by scoring the number of cells displaying the typical nuclear morphology, as measured by fluorescence microscopy [29, 30] . The level of apoptosis was evaluated after an incubation of 72 and 96 h and was expressed as percentage of the total cell population, counting at least 300 cells in 6 randomly selected fields at 100 ! magnification [31] . Each experiment was performed in triplicate.
Determination of Caspase-8 Activity
Caspase-8 is an intracellular cysteine protease which plays a central role in the initiation of apo ptotic cascades. Caspase-8 activity was measured by the TruPoint Caspase-8 kit (PerkinElmer Life Sciences) with a fluorometric assay. The U937 cells incubated with plasma for 24 h were processed according to the manufacturer's instruction and finally caspase-8 activity was measured in cell lysates at 615 nm in the VICTOR3 Multilabel Plate Reader (PerkinElmer Life Sciences). The data were expressed as signal to background (S/B) ratio. The activity of caspase-8, assayed in triplicate wells, was determined as a fold median increase comparing the signal from cells treated with plasma from CRS type 1 patients to the signal from cells treated with plasma from the control group.
Cytokine Enzyme-Linked Immunosorbent Assay
The quantitative determination of TNF-␣ and IL-6 productions in the plasma of CRS type 1 patients and controls was performed by the Human Instant enzyme-linked immunosorbent assay (ELISA) kit (eBioscience). Measuring the concentration of cytokines was performed according to the manufacturer's protocol and instructions. Optical density was read using a VICTOR3 Multilabel Plate Reader (PerkinElmer Life Sciences) at 450 nm. The amount of TNF-␣ (in picograms per milliliter) and IL-6 (in picograms per milliliter) was calculated from the standard curve according to the manufacturer's protocol. All tests were performed in triplicate.
Statistical Analysis
The results were expressed as median and IQR. The Mann-Whitney U test was used for comparison between two groups. Pearson's rank order correlation coefficient (r) was used to test the correlation between variables. A p value ! 0.05 was considered significant. Statistical analysis was performed using the SPSS (version 15; SPSS Inc., Chicago, Ill., USA).
Results
Effect of Plasma on U937 Apoptosis
The U937 monocytes incubated with plasma from CRS type 1 patients showed significantly higher apoptosis rates (p ! 0.001) compared with those incubated with plasma from controls. The level of apoptosis detected after 72 h incubation was 78% (IQR 52-93) in patients, while it was 11% (IQR 10-12.5) in the control group ( fig. 2 ; table 2 ). After an incubation of 96 h, it was 81% (IQR 62-92) in patients versus 11% (IQR 10.5-13) in controls ( fig. 2 ;  table 2 ). There was no significant difference in the level of apoptosis comparing patients in AKI stage 1 to AKI stage 3.
Our data showed a statistically significant association between baseline CKD stage V and apoptosis. At 72 h, plasma from patients in CKD stage V had a median apoptosis of 96% (IQR 83-100) as compared to 66% (IQR 46-85) in patients in CKD stages II-IV (p = 0.02). Similarly at 96 h, plasma from patients in CKD stage V had a median apoptosis of 96% (IQR 84-100) as compared to 73% (IQR 48-91) in patients in other CKD stages (p = 0.04).
Measurement of Caspase-8 Activity
The activity of caspase-8 was measured in U937 cells incubated for 24 h with heparinized plasma. In concordance with the apoptosis rate, U937 cells incubated with the plasma 
Cytokine Values in Plasma Samples
To examine potential mediators involved in the immune-mediated damage in CRS type 1 pathogenesis, TNF-␣ and IL-6 levels were measured by ELISA in the plasma of CRS type 1 patients and in controls. When compared with healthy control subjects, TNF-␣ levels were significantly elevated in the CRS type 1 group [28.49 pg/ml (IQR 25.05-33.43) vs. 2.39 pg/ml (IQR 1.47-4.10); p ! 0.01] ( fig. 3 ) . Specifically, the median value of TNF-␣ was more than 10 times higher in CRS type 1 patients with respect to the control subjects. Furthermore, in CRS type 1 patients the proinflammatory cytokine IL-6 was significantly higher compared with that of the control group [4.8 pg/ml (IQR 2.97-6.154) vs. 16.5 pg/ml (IQR 16.22-17.89); p ! 0.01 for both] ( fig. 4 ) . Specifically, the median value of IL-6 was more than 3 times increased in CRS type 1 patients with respect to the control subjects.
Discussion
It is postulated that CRS is due to a cellular and molecular crosstalk between heart and kidneys. Key physical, chemical and biological processes may be involved, including activation of the immune response, inflammation, release of cytokines and activation of apoptotic pathways ( fig. 1 ) . Furthermore, the role of innate immunity in acute tissue injury is well established, with engagement of complement, cytokines, and neutrophils [32] .
In this pilot study, we examined the possible role of immune-mediated mechanisms involved in the pathogenesis of CRS type 1. Furthermore, we studied the in vitro response of monocytes, incubated with plasma from CRS type 1 patients, resulting in apoptosis, and we analyzed the plasma cytokine levels in these patients. Apoptosis occurs in both human and animal kidney during AKI and experimental evidence supports a pathogenic role for apoptosis in this process [33] . For example, cellular apoptosis has been demonstrated to occur alongside necrosis in experimental models of ischemia-reperfusion, toxin exposure, inflammation and septic AKI [33] .
Numerous studies have reported that plasma levels of inflammatory markers and cytokines are increased in AKI and in heart failure. However, the multiple factors involved in the development of AKI during heart failure describe a pathogenesis of AKI accounting for multiple pathways. Recently, Goh et al. [34] proposed humoral signaling and the inflammatory pathways as new interesting mechanisms to explain distant organ damage and, in particular, kidney injury in heart failure. A marked pro-apoptotic activity was observed in the monocytes incubated with plasma from CRS type 1 patients. We found a significantly higher level of apoptosis in in vitro monocytes treated with CRS type 1 plasma compared to control group plasma. This finding suggests that AHF may partially affect the kidneys, the other organ involved in CRS, through a humoral signaling and an immunological way.
After 24 h, we studied caspase-8 activity and CRS type 1 induction of apoptosis to better understand the mechanism leading to apoptosis in the U937 cell line. Caspases play a central role in the initiation of the apoptotic cascade. When cells receive apoptosis-triggering signals through the activation of the death receptor, caspase-8 activation occurs in the cytoplasm. In fact, this protein is an upstream caspase and initiates a cascade of caspase activation, thereby leading to programmed cell death. We observed a 2-fold increase in caspase-8 in cells incubated with CRS type 1 plasma, which was associated with a higher extent of apoptotic death. This preliminary result suggests that the observed apoptotic death is more likely triggered by death receptor signaling.
It is likely that in U937 cells the observed apoptosis may be due to the presence of proapoptotic factors in the plasma from patients with CRS type 1. For this reason, we investigated cytokine levels in the plasma of these patients. We chose IL-6, which is a multifunctional cytokine that regulates immune responses and acute phase reactions, and TNF-␣ , which is a polypeptide cytokine produced by monocytes and macrophages and is a multipotent modulator of immune response. In fact, we observed a 3-fold higher level of IL-6 in plasma from CRS type 1 patients compared with that from controls and a 10-fold increase of TNF-␣ concentration in plasma from CRS type 1 patients. This finding suggests that CRS type 1 might have an inflammatory pattern due to various mediators that induce a pathological apoptosis in monocytes.
However, the observed increase in the levels of these inflammatory cytokines should not necessarily be interpreted as a central role for IL-6 and TNF-␣ in the pathogenesis of CRS type 1. It is possible that these elevated levels are dependent on a generalized inflammatory state. In addition, the single blood sampling for cytokine dosage could be influenced by the circadian rhythm they have and could be a limitation of our data. Therefore, other experiments are necessary to better understand the inflammatory aspects of CRS type 1 and the humoral signaling. Otherwise, the effect of the humoral signal for a distant organ could be proved an important contribution of the inflammatory pathway to the development of CRS type 1, and we can speculate that cytokines (TNF-␣ and interleukins) or other mediators, such as endothelin-1 and nitric oxide, play a role in the mechanism of CRS type 1. Other factors, such as the uremic milieu in AKI, may also be a trigger for apoptosis. In this pilot study, the severity of AKI did not appear to correlate with the apoptotic activity; however, the modest sample size precludes definitive conclusions.
We observed that plasma from CRS patients with advanced CKD at baseline triggered a higher apoptosis rate. This may be due to a greater accumulation of toxic factors during the acute event, as compared to patients who had a better baseline renal function. Abnormal apoptosis rates in chronic uremic patients have been previously reported by our group [18, 19] . Interestingly, the plasma of CRS type 1 subjects demonstrated a stronger apoptogenic effect compared with that reported in CKD patients from our prior studies (a more than 3-fold increase). This suggests that the markedly higher apoptotic level, compared with healthy controls, may be accounted for by different factors than baseline renal impairment and CKD. Indeed, in our CKD patients admitted with AHF, we postulate that an immunemediated mechanism may play a role in the pathogenesis of CRS type 1, and the loss of the normal balance of the immune system may induce the deleterious effect of AHF on kidney function. Various factors, including inflammation and oxidative stress may also be implicated in an altered immune regulation and induce monocyte apoptosis, thus exacerbating tissue and organ damage. We might hypothesize that in a patient with AHF, oxidative stress, cytokine release and eventual derangement on the immune system may also directly lead to lethal renal cellular injury resulting in apoptosis, as well as myocardial contractile dysfunction and an increase in cardiomyocyte apoptosis.
This study explores the premise of an immune-mediated process in the pathophysiology of CRS type 1. Nevertheless, we acknowledge the limitations of the small sample size in this pilot study, which would preclude meaningful multivariate analysis. Our preliminary results can be considered hypothesis generating, and stimulate further exploration of novel pathophysiological mechanisms in CRS type 1. To better assess whether monocyte apoptosis is secondary to renal injury rather than the cause, we will require another control population, such as patients with AHF without AKI. We observed significant differences in apoptosis between CRS type 1 patients and healthy controls. Although these findings are provocative, the design of the study does not allow us to make conclusions about causality. Indeed, these changes in apoptotic rate could be secondary to renal injury rather than the cause. Such aspects could be clarified in future studies also evaluating AHF patients without CRS type 1. Nevertheless, investigations elucidating the paracrine signaling pathways and the molecular mechanism of apoptosis in CRS type 1 (death genes, signals and receptors) and determining the involved factors will better define the actual pathophysiological process.
In conclusion, we observed that plasma-induced apoptosis and caspase-8 activity were significantly higher in CRS type 1 patients; in addition, the plasma levels of IL-6 and TNF-␣ in CRS type 1 patients were significantly increased. These findings suggest that there is a defective regulation of monocyte apoptosis in these patients, and that an immune-mediated mechanism may play a role in the pathophysiology of this syndrome. Furthermore, these preliminary results suggest that inflammatory pathways may have a central role in the pathogenesis of CRS type 1 and may be fundamental in damage to distant organs.
This study adds to the current body of knowledge on CRS type 1 and provides hypotheses deserving further exploration in future studies.
